Alcohol (ethanol) abuse is a major societal problem. Although ethanol is a structurally simple, diffusible molecule, its sites of action are surprisingly selective, and the molecular mechanisms underlying specificity in ethanol actions are not understood. The NMDA receptor channel is one of the main targets for ethanol in the brain. We report here that the brain region-specific compartmentalization of Fyn kinase determines NMDA receptor sensitivity to ethanol. We demonstrate that, in the hippocampus but not in the cerebral cortex, Fyn is targeted to the NR2B subunit of the NMDA receptor by the scaffolding protein RACK1. During acute exposure to ethanol, RACK1 is dissociated from the complex, thereby facilitating Fyn-mediated phosphorylation of NR2B, which enhances channel activity, counteracting the inhibitory actions of ethanol. In this way, the selective scaffolding can account for the ethanol-induced acute tolerance of NMDA receptor activity that is detected in the hippocampus but not in the cerebral cortex. The phosphorylation-dependent, regionspecific activities of ethanol on the NMDA receptor provide a compelling molecular explanation that accounts for the selective activities of ethanol and may have important implications for elucidating pathways leading to alcohol addiction.
Introduction
The major excitatory neurotransmitter in the brain, glutamate, binds to the ligand-gated ion receptor channel NMDA (Sucher et al., 1996) . The NMDA receptor (NMDAR) is a major target of ethanol. The activities of ethanol on the NMDAR are important contributors to the development of disease states associated with alcohol abuse such as tolerance, dependence, withdrawal, craving, and relapse (for review, see Chandler et al., 1998; Kumari and Ticku, 2000) . Acutely, ethanol inhibits NMDAR function (Lovinger et al., 1989) , as well as long-term potentiation (LTP) (Morrisett and Swartzwelder, 1993; Givens and McMahon, 1995) . Chronic exposure to ethanol causes upregulation of NMDAR subunits (Kumari and Ticku, 2000) , specifically the NR2B subunit (Narita et al., 2000) , and upregulation of NMDARs are thought to be involved in the expression of withdrawal (Gonzalez et al., 2001) .
NMDARs are heteromers composed of an obligatory NR1 subunit and combinations of different NR2 (A-D) subunits (Sucher et al., 1996) , and phosphorylation of NMDAR subunits modulates channel function, which contributes to the regulation of postsynaptic responses (Wang and Salter, 1994; Hisatsune et al., 1997; Leonard and Hell, 1997; Zheng et al., 1998; Lu et al., 1999) . The NR2 subunits are phosphorylated on tyrosine residue by members of the Src family of protein tyrosine kinases (PTKs), including Fyn (Moon et al., 1994; Ali and Salter, 2001; Takasu et al., 2002) . NR2B is tyrosine phosphorylated during acute exposure to ethanol in vivo (Miyakawa et al., 1997) , and this phosphorylation is likely to be mediated by Fyn because it is abolished in LacZ-Fyn Ϫ/Ϫ mice (Miyakawa et al., 1997) . Importantly, deletion of the Fyn gene resulted in mice that were found to be hypersensitive to the hypnotic effects of ethanol (Miyakawa et al., 1997) , suggesting the involvement of Fyn in sensitivity to ethanol.
Important regulators of the phosphorylation state of NMDAR subunits are scaffolding proteins. Scaffolding proteins provide both spatial organization and specificity of signaling cascades (Pawson and Scott, 1997) and play an important role in regulation of the NMDAR channel within the postsynaptic density (PSD) structures (Kennedy, 1997; Sheng and Pak, 1999) . Scaffolding proteins in the PSD assemble kinases and phosphatases in close proximity to their substrate (such as the NMDAR subunits), connect the NMDAR to the cytoskeleton, and mediate clustering of the receptors (O'Brien et al., 1998) . We recently identified the scaffolding protein RACK1 as part of the NMDAR complex . RACK1 directly interacts with the NR2B subunit and with the kinase Fyn. RACK1 decreases Fyn phosphorylation of NR2B and inhibits the function of the NMDAR channel . Our results suggest that RACK1 localizes Fyn in close proximity with its substrate (NR2B) and prevents Fyn from phosphorylating NR2B until the appropriate signal occurs. Here we identify ethanol as one such signal by determining the activities of ethanol in the hippocampus and the cerebral cortex on (1) the compartmentalization and function of RACK1 and its association with Fyn and NR2B, (2) the phosphorylation state of the NR2 subunits of NMDAR, and (3) the activity of the NMDAR as a consequence of altered compartmentalization and function of RACK1 and altered phosphorylation state of the NMDAR.
Materials and Methods
Reagents. The polyclonal anti-NR2B, anti-NR2A, anti-actin, and antiFyn antibodies and Fyn blocking peptide were purchased from Santa Cruz Biotechnologies (Santa Cruz, CA). The monoclonal antiphosphotyrosine, anti-RACK1, anti-PSD95, and anti-NR2B antibodies were purchased from Transduction Laboratories (Lexington, KY). The monoclonal anti-hemagglutinin (HA) antibodies were purchased from Roche (Nutley, NJ). The monoclonal anti-NR1 antibodies were purchased from Zymed (South San Francisco, CA). The monoclonal anti-MAP2 (microtubule associated protein-2) and polyclonal anti-NR2B antibodies were purchase from Chemicon (Temecula, CA). The polyclonal anti-(pY1336)NR2B, anti-(pY1252)NR2B, and anti-(pY1472)NR2B antibodies were described previously (Takasu et al., 2002) . The Src/Fyn peptide (KVEKIGEGTYGVVYK) was purchased from Upstate Biotechnology (Waltham, MA). Picrotoxin, ifenprodil, and H89 were purchased from Sigma (St. Louis, MO). PP2 was purchased from Calbiochem (La Jolla, CA). 2,3-Dihydroxy-6-nitro-7-sulfonyl-benzo[f]quinoxaline (NBQX) and D-APV were purchased from Tocris (Ellisville, MO).
Recombinant proteins. RACK1 was subcloned into pTAT-HA and expressed in Escherichia coli as described previously (He et al., 2002) . Bacteria were homogenized in 20 ml of lysis buffer (8 M urea, 200 mM NaCl, and 20 mM HEPES, pH 8.0) containing protease inhibitor mixture (Roche) and phosphatase inhibitor mixture (Sigma), followed by sonication for 2 min. The homogenate was clarified by centrifugation at 4°C for 30 min and purified by using Ni-NTA agarose beads. After incubation at 4°C for 1-2 hr while shaking, the beads were washed three times with Ͼ6 vol of lysis buffer containing 20 mM imidizole and then eluted with 500 mM imidizole in lysis buffer. The eluate was dialyzed overnight at 4°C against 10% glycerol in PBS.
Preparation of slice and brain homogenates. Experimental protocols involving the use of vertebrate animals were approved by the Gallo Research Center subcommittee on Research Animal Care and met National Institutes of Health guidelines.
For slice homogenates preparation, transverse hippocampal or coronal cerebral cortical slices (350 -400 m) were prepared from 3-to 4-week-old male Sprague Dawley rats (Simonsen Laboratories, Gilroy, CA). Slices were maintained for 2 hr in artificial CSF (aCSF) that contained the following (in mM): 126 NaCl, 1.2 KCl, 1.2 NaH 2 PO 4 , 0.01 MgCl 2 , 2.4 CaCl 2 , 18 NaHCO 3 , and 11 glucose (saturated with 95%O 2 -5%CO 2 ) at 25°C. After recovery, slices were treated and homogenized in homogenization buffer (HB) [320 mM sucrose, 10 mM Tris-HCl, pH 7.4, 10 mM EDTA, 10 mM EGTA, protease inhibitor mixture (Roche), and phosphatase inhibitor mixture (Sigma)]. Homogenates were centrifuged at 5000 ϫ g. The pellet was resuspended in solubilization buffer (10 mM Tris-HCl, pH 7.4, 10 mM EDTA, 10 mM EGTA, and protease and phosphatase inhibitor mixtures) that includes 1% Triton X-100 for phosphorylation assays or 1% deoxycholate for association assays. The suspension was then centrifuged at 60,000 ϫ g to yield supernatant (soluble material) and pellet (insoluble material).
For brain homogenates preparation (in vivo), 3-to 4-week-old SVJ/ 129 male mice (Charles River Laboratories, Wilmington, MA) were intraperitoneally injected with saline or ethanol (3.5 gm/kg) for the time indicated in the figure legends. The cerebral cortex and hippocampus were dissected immediately and frozen in liquid nitrogen. Samples were homogenized and solubilized as described above.
Subcellular fractionation. Tissue from 3-to 4-week-old male rats was homogenized as described previously (Huttner et al., 1983) . Briefly, dounce homogenates of the pellets in ice-cold HB (320 mM sucrose, 10 mM Tris-HCl, pH 7.4, 10 mM EDTA, 10 mM EGTA, and protease and phosphatase inhibitor mixtures) were centrifuged at 1000 ϫ g to remove nuclei and large debris. The supernatant (S1) was centrifuged at 10,000 ϫ g to obtain a crude synaptosomal fraction (P2) and the cytosolic and light membranal fraction (S2). After each centrifugation, the resulting pellet was rinsed briefly with ice-cold HB before subsequent fractionations to avoid possible crossover contamination.
Immunoprecipitation. The supernatant soluble material from slice or brain homogenates were precleared by incubation with protein G agarose. The samples were centrifuged, and protein quantity was determined using BCA reagent. Immunoprecipitation was performed with 5 g of the appropriate antibody, with ϳ0.5 mg of protein diluted in 1ϫ immunoprecipitation buffer [1% Triton X-100, 150 mM NaCl, 10 mM Tris HCl, pH 7.4, 1 mM EDTA, 1 mM EGTA, 0.2 mM sodium orthovanadate, protease inhibitor mixture (Roche), and phosphatase inhibitor mixture (Sigma)]. After overnight incubation at 4°C, protein G agarose was added, and the mixture was incubated at 4°C for 2 hr. The protein G was washed extensively, and pellets were resolved on a 10% SDS-PAGE.
Western blot analysis. Fifty micrograms of protein were resolved on a 10% SDS-PAGE and transferred to a nitrocellulose membrane. Membranes were probed with the appropriate antibodies, and immunoreactivity was detected with enhanced chemiluminescence and processed using the STORM system. Digitized images of the bands corresponding to NMDAR subunits were quantitatively analyzed by densitometry, with NIH Image version 1.61 providing peak areas, and values were expressed as a ratio of phosphorylated to total amount of immunoprecipitated NMDAR subunits or actin as indicated in the figure legends. Statistical analysis was performed using Student's t test for significant differences.
In vitro translation assay. [ 35 S]methionine-labeled proteins were generated in rabbit reticulocyte lysates (TNT kit; Promega, Madison, WI) programmed with cDNAs encoding the cytoplasmic tail of NR2B (amino acids 839 -1482), Fyn, and RACK1 as described previously . The translation reactions were analyzed by SDS-PAGE and fluorography. Interaction of the proteins was determined by coimmunoprecipitation from the lysates with anti-RACK1 antibodies.
In vitro kinase assay. Fyn (10 U, 0.32 pmol ⅐ min Ϫ1 ⅐ U Ϫ1 ) was incubated in the presence of Src/Fyn substrate peptide (150 M) without or with increasing concentrations of ethanol in kinase buffer (25 mM TrisHCl, pH 7.2, 31.5 mM MgCl 2 , 6.25 mM MnCl 2 , 10 Ci ␥[
32 P]ATP, and 125 M cold ATP) at room temperature for 20 min. Aliquots of the reaction were spotted onto P81 paper, Fyn activity was measured using scintillation counting, and specific activity was expressed as pmol of phosphorylation per minute per units of Fyn.
Immunohistochemistry. Three-to 4-week-old male rats were anesthetized and perfused with 4% paraformaldehyde. Brains were removed and sectioned on a vibratome (VT1000S; Leica, Nussloch, Germany). Slices (35 m) that contained the hippocampus and cerebral cortex were blocked in PBS containing 0.1% Triton X-100 and 10% normal goat serum for 1 hr at room temperature. Blocking solution was aspirated, and sections were then double stained with anti-RACK (1:500) and anti-MAP2 (1:250) antibodies, anti-RACK1 (1:500) and anti-Fyn (1:250) antibodies, and anti-RACK1 (1:500) and anti-NR2B (1:250) antibodies overnight at 4°C. Antibodies were then aspirated, and sections were washed three times in PBS containing 0.1% Triton X-100. Sections were incubated for 2 hr at room temperature with the following secondary antibodies: Texas Red-conjugated antibody (goat anti-mouse IgM for RACK1; 1:250) and FITC-conjugated antibody (goat anti-mouse IgG for MAP2 and goat anti-rabbit IgG for Fyn and NR2B; 1:250). Sections were then washed and mounted on Fisher Superfrost glass slides. Slides were mounted using Vectashield and viewed with a Zeiss (Oberkochen, Germany) LSM-1024 laser-scanning microscope. The confocal images were processed using Adobe Photoshop (Adobe Systems, San Jose, CA). Specificity of RACK1 staining was confirmed by preabsorbing anti-RACK1 antibodies with recombinant RACK1 as described previously (Ron et al., 2000) . Specificity of Fyn staining was verified by preincubating anti-Fyn antibodies with the blocking peptide (1:5 w/w) for 2 hr at room temperature (data not shown).
Blood ethanol determination. Blood samples of ϳ50 l were obtained from the tail vein of SVJ/129 male mice 15 min after intraperitoneal injection of 3.5 gm/kg ethanol. Blood ethanol concentration was determined using the Sigma Alcohol Diagnostic kit 332.
Electrophysiology. Transverse hippocampal or coronal cerebral cortical slices (350 -400 m) were prepared from 3-to 4-week-old male Sprague Dawley rats (Simonsen Laboratories). Slices were maintained for at least 2 hr in aCSF that contained the following (in mM): 126 NaCl, 1.2 KCl, 1.2 NaH 2 PO 4 , and 0.01 for fEPSPs) or 1.2 (for EPSCs) MgCl 2 , 2.4 CaCl 2 , 18 NaHCO 3 , and 11 glucose (saturated with 95%O 2 -5%CO 2 at 25°C). After recovery, slices were submerged and continuously superfused with aCSF at 25°C.
Field recording-field EPSPs (fEPSPs) were recorded from stratum radiatum of CA1 region or layers II-III of the prefrontal cortex with glass microelectrodes filled with 2 M NaCl. To obtain NMDAR-mediated fEPSPs, picrotoxin (100 M) and NBQX (10 M) were added to the bath solution. To evoke fEPSPs, Schaffer collateral/commissural (hippocampus) or horizontal (cortex) afferents were stimulated with 0.1 Hz pulses using steel bipolar microelectrodes at intensities adjusted to produce an evoked response that was 50% of the maximum recorded fEPSP for each recording. The maximal rate of change in fEPSP within a time window selected around the rising phase was calculated.
Whole-cell recording-somatic whole-cell voltage-clamp recordings were made from CA1 pyramidal cells using 3-6 M⍀ electrodes. The whole-cell solution contained the following (in mM): 117 cesium methansulfonic acid, 2.8 NaCl, 20 HEPES, 0.4 EGTA, 5 TEA-Cl, 2.5 MgATP, and 0.25 MgGTP, pH 7.2-7.4 (285-295 mOsm). To obtain NMDARmediated EPSCs, picrotoxin (100 M) and NBQX (10 M) were added to the bath solution. Cells were held at ϩ40 mV, and series and input resistances were monitored continuously with a 4 mV depolarizing step, given with every afferent stimulus. The amplitudes of EPSCs were measured using a window at the peak of the event, relative to the baseline taken immediately before the stimulus artifact.
Data were collected using an Axopatch-1D amplifier (Axon Instruments, Foster city, CA), filtered at 2 kHz, and digitized at 5-10 kHz. Bath application of ifenprodil (25 M) in hippocampal or cortical slices inhibited NMDARmediated fEPSPs by nearly 90%, confirming high levels of NR2B-containing NMDARs (data not shown).
Results

Region-specific compartmentalization of Fyn determines the activity of ethanol
We recently found that in the hippocampus, the scaffolding protein RACK1 interacts with the tyrosine kinase Fyn and its substrate, the NR2B subunit of the NMDAR, and prevents Fyn phosphorylation of NR2B. During release of RACK1 from the complex, Fyn phosphorylates the channel, and, as a consequence of the phosphorylation, the activity of the channel is enhanced . The NMDAR is one of the main targets for ethanol (Kumari and Ticku, 2000) , and Fyn has been linked previously to the activities of ethanol on the NMDAR (Miyakawa et al., 1997). To determine whether the compartmentalization of Fyn to the NR2B subunit contributes to the activities of ethanol, we assessed whether acute exposure to ethanol affected the association between NR2B, RACK1, and Fyn in the hippocampus. Rat hippocampal slices were treated with 25 and 100 mM ethanol, and RACK1 association with Fyn and NR2B was determined. As shown in Figure 1 A, and as we reported recently , in the control hippocampal slices, RACK1 forms a tri-molecular complex with NR2B and Fyn. However, ethanol treatment resulted in the dissociation of the complex in a dose-dependent manner (Fig. 1 A) . During exposure to ethanol, anti-RACK1 antibodies coimmunoprecipitated less Fyn and NR2B, and anti-NR2B antibodies coimmunoprecipitated less Fyn and RACK1 ( Fig. 1 A and data not shown), and there was no change in the protein level of NR2B or Fyn in the hippocampus in response to acute exposure of the slices to ethanol (Fig. 1 B) .
Next, we determined whether acute administration of ethanol in vivo would induce the dissociation of RACK1 from NR2B and Fyn. To do so, mice were systemically treated with 3.5 gm/kg ethanol by intraperitoneal injection, and, 15 min after injection, blood alcohol concentration was measured, the hippocampus was dissected, and the presence of the complex was assessed. We found that intraperitoneal injection of 3.5 gm/kg ethanol produced blood alcohol concentration of 72 Ϯ 3.3 mM (n ϭ 5), and, Figure 1 . A-C, In the hippocampus, Fyn is compartmentalized to NR2B via RACK1, and ethanol induced the dissociation of the tri-molecular complex. A, Rat hippocampal slices were treated without (control) or with 25 and 100 mM ethanol for 30 min. Immunoprecipitations (IPs) were performed with anti-RACK1 and anti-mouse IgM antibodies as control. Membranes were probed with anti-NR2B, anti-Fyn, and anti-RACK1 antibodies. Histogram depicts the mean Ϯ SD level of Fyn and NR2B dissociation normalized to immunoprecipitated RACK1 (n ϭ 4 ). B, Rat hippocampal slices were treated as in A, and samples were resolved on SDS-PAGE. Membranes were probed with anti-NR2B and anti-Fyn antibodies (n ϭ 4 ). C, Three-to 4-week-old SVJ/129 male mice were injected intraperitoneally (IP) with saline or 3.5 gm/kg ethanol. Fifteen minutes later, the hippocampus was dissected, and immunoprecipitation was performed with anti-RACK1 antibodies and probed with anti-NR2B, anti-Fyn, and anti-RACK1 antibodies (n ϭ 3). D, E, In the cerebral cortex, Fyn associated with RACK1 but not with NR2B, and ethanol did not affect the association. D, Rat cortical slices were treated with 100 mM ethanol for 30 min, immunoprecipitated, and probed as in A (n ϭ 3). E, Mice were injected intraperitoneally with saline, and cortical tissues were harvested and analyzed as in C (n ϭ 3).
at this concentration of ethanol, dissociation of the complex was observed (Fig. 1C) .
Unexpectedly, we found that the NR2B-RACK1-Fyn trimolecular complex did not exist in the cerebral cortex, in slices or in vivo (Fig. 1D,E) . RACK1 associated only with Fyn in the cortex, and their interaction was not affected by ethanol (Fig. 1D) . In summary, in the hippocampus, where RACK1 scaffolds Fyn to the NMDAR, ethanol exposure induced the dissociation of the tri-molecular complex.
RACK1 is compartmentalized to the dendrites in the hippocampus but not in the cortex, and ethanol-induced dissociation of RACK1 from NMDAR complex is mediated via protein kinase A signaling We hypothesized that the NR2B-RACK1-Fyn complex does not exist in the cortex because of differences in RACK1 compartmentalization in the two brain regions. To test the hypothesis, the localization of RACK1 in hippocampal and cortical slices was determined by immunohistochemistry and confocal microscopy. Double labeling of anti-RACK1 antibodies and the antibodies for the dendritic marker MAP2 revealed that RACK1 is localized to dendrites of CA1 pyramidal neurons as seen by the orange color that resulted from the merged staining of RACK1 (red) and MAP2 (green) (Fig. 2 A, top panel, left) .
However, in cortical neurons, RACK1 was mainly localized to the cell soma (Fig. 2 A, top panel, right) . Similar results were obtained when RACK1 distribution was compared in primary hippocampal and cortical cultures (data not shown). Double staining of anti-RACK1 and anti-NR2B antibodies revealed colocalization of the two proteins in CA1 hippocampal dendrites, as seen by the orange color that resulted from the merged staining of RACK1 (red) and NR2B (green) (Fig. 2 A, middle panel, left) . Colocalization between RACK1 and NR2B was not observed in cortical neurons (Fig. 2 A, middle panels) . When staining anti-RACK1 together with anti-Fyn antibodies, we found that RACK1 is partly colocalized with Fyn in the cell soma in both hippocampus and cortex; however, dendritic colocalization was observed only in the hippocampus (Fig. 2 A, bottom panels) . In addition, we performed subcellular fractionation and compared the levels of RACK1 in the crude synaptosomal fraction from hippocampus and cortex. As shown in Figure 2 B, RACK1 levels in the crude synaptosomal fraction (P2) was higher in the hippocampus compared with cortex. Together, these results therefore suggest that, in the cortex, RACK1 is not localized in close proximity to NR2B and therefore is not capable of localizing Fyn to the NMDAR.
Next, we set out to identify a possible mechanism by which ethanol induces the dissociation of RACK1 from the NMDAR complex in the hippocampus. First, we determined whether ethanol affects the binding of RACK1 to NR2B and Fyn using an in vitro translation assay. As shown in Figure 2C , and as reported previously , anti-RACK1 antibodies immuno- Figure 2 . A, B, RACK1 is compartmentalized differently in hippocampus and cerebral cortex. A, Representative sections of rat hippocampal and cortical slices (35 M) double stained with anti-RACK1 and anti-MAP2 (top panels), anti-NR2B (middle panels), and anti-Fyn (bottom panels) antibodies as described in Materials and Methods. Slices were visualized with laserscanning confocal microscope at 63ϫ magnification and presented as merged images. Images were taken from the CA1 region of the hippocampus, including the stratum radiatum (SR) and layers II-III of cerebral cortex. B, Subcellular fractionation of rat hippocampal and cortical tissue was performed as described in Materials and Methods. Crude synaptosomal fraction (P2) and cytosolic and light membranes fraction (S2) were resolved on 10% SDS-PAGE, and membranes were probed with anti-RACK1 antibodies. To ensure the integrity of fractionation, membranes were probed with anti-PSD95 antibodies. C, D, Ethanol activities on the NR2B-RACK1-Fyn complex are not direct. C, [
35 S]Methionine-labeled proteins were generated in rabbit reticulocyte lysates. Translated proteins were incubated in the absence or presence of 100 mM ethanol for 30 min at room temperature. Interaction of the proteins was determined by coimmunoprecipitation from the lysates with anti-RACK1 antibodies. Control immunoprecipitation with antiIgM and an aliquot of the triple translation reaction ( 1 ⁄10 of reaction volume; Input) are also included; n ϭ 3. D, Fyn kinase (10 U; 0.32 pmol/min/U) was incubated with Src/Fyn substrate peptide (150 M) and increasing concentration of ethanol (25-100 mM) for 20 min at 20°C.
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Histogram depicts mean Ϯ SD of Fyn-specific activity of three experiments. E, Ethanol-induced dissociation of RACK1 from NMDA receptor complex is mediated via PKA signaling. Rat hippocampal slices were preincubated with vehicle or with H89 (10 M) for 30 min at room temperature. Slices were then treated with ethanol (100 mM) for an additional 30 min and homogenized, and immunoprecipitation (IP) was performed with anti-RACK1 antibodies and anti-mouse IgM antibodies as control. Membranes were probed with anti-NR2B, anti-Fyn, and anti-RACK1 antibodies. Histogram depicts the mean Ϯ SD level of Fyn and NR2B dissociation normalized to immunoprecipitated RACK1 (n ϭ 3). **p Ͻ 0.01 indicates significantly lower than EtOH plus H89; t test. precipitated in vitro translated RACK1 and coimmunoprecipitated the in vitro translated cytoplasmic tail of NR2B and Fyn. However, ethanol did not alter the interaction (Fig. 2 C) . In addition, ethanol did not alter Fyn kinase activity in vitro (Fig. 2D) , suggesting that ethanol-induced dissociation of the NR2B-RACK1-Fyn complex is not attributable to a direct effect of ethanol.
We found previously that ethanol induces the movement of RACK1 to the nucleus, and ethanol-induced RACK1 nuclear translocation was mediated through a mechanism that requires cAMP-dependent protein kinase (PKA) (Ron et al., 2000; He et al., 2002) . Therefore, we hypothesized that ethanol-induced RACK1 dissociation from the tri-molecular complex could be mediated via the PKA pathway. To test this possibility, rat hippocampal slices were preincubated with H89, a selective inhibitor of PKA, followed by ethanol treatment, and the dissociation of the complex was determined. As shown in Figure 2 E, inhibition of PKA activity with H89 significantly attenuated ethanolinduced dissociation of NR2B and Fyn from RACK1. These results suggest that PKA signaling is mediating ethanol-induced dissociation of the NR2B-RACK1-Fyn complex.
Ethanol induces phosphorylation of NR2B but not NR2A in the hippocampus but not in the cortex
Previously, we found that the release of RACK1 from Fyn and NR2B enables Fyn to phosphorylate the subunit . Therefore, we assessed whether ethanol-induced dissoci- . Acute exposure to ethanol increased tyrosine phosphorylation of the NR2B but not NR2A in the hippocampus. A, Rat hippocampal slices were homogenized and solubilized as described in Materials and Methods, and immunoprecipitations (IPs) were performed with anti-NR2A, anti-NR2B, and anti-NR1 antibodies. Membranes were probed with anti-NR2A, anti-NR2B, and anti-NR1 antibodies. Control hippocampal homogenate was also included (n ϭ 3). B, Rat hippocampal slices were treated with vehicle (DMSO, 1:20,000) or ethanol (100 mM) with or without PP2 (50 nM) for 30 min. Immunoprecipitations were performed with anti-NR2B or anti-NR2A antibodies and probed with anti-NR2B, anti-NR2A, and anti-phosphotyrosine (pY) antibodies. Histogram depicts quantification of the level of tyrosine phosphorylation of NR2B and NR2A. Data are presented as mean Ϯ SD percentage of control (n ϭ 3). **p Ͻ 0.01; t test. C, Mice were injected intraperitoneally with saline or 3.5 gm/kg ethanol. The hippocampus was dissected, homogenized, and resolved by SDS-PAGE. Membranes were probed with the anti-phoshpo-NR2B-specific antibodies (pTyr1252)NR2B, anti-(pTyr1336)NR2B, and anti-(pTyr1472)NR2B and anti-actin antibodies. Histogram depicts quantification of the levels of NR2B phosphorylation normalized to actin and presented as mean Ϯ SD percentage of control (n ϭ 3). D, Rat hippocampal slices were preincubated with PBS or with Tat-RACK1 (1 M) for 2 hr. Slices were then treated with vehicle or ethanol (100 mM) for 30 min, homogenized, and resolved by SDS-PAGE. To ensure transduction of the Tat-fusion protein, membranes were probed with anti-RACK1 (middle panel) and anti-HA (bottom panel) antibodies. Membranes were probed with anti-(pTyr1252)NR2B and anti-actin antibodies. Histogram depicts quantification of the levels of phosphorylation normalized to actin and presented as mean Ϯ SD percentage of control (n ϭ 3). **p Ͻ 0.01; t test. ation of RACK1 from hippocampal NMDAR resulted in an increase in tyrosine phosphorylation of the NR2B subunit. Slices were treated with vehicle or ethanol, the NMDAR was solubilized (Fig. 3A) , and NR2B phosphorylation was determined. As shown in Figure 3B , ethanol exposure induced an increase in tyrosine phosphorylation of NR2B in hippocampal slices. If ethanolinduced increase in phosphorylation of NR2B is mediated by Fyn, then we predicted that the inhibitor PP2, which is specific for the Src family of PTKs, would inhibit the phosphorylation of the subunit. Indeed, incubation of hippocampal slices with ethanol and PP2 significantly decreased ethanol-induced phosphorylation of NR2B (Fig. 3B) . To confirm that these processes occur in vivo, mice were injected intraperitoneally with 3.5 gm/kg ethanol and killed at different time points, and the level of tyrosine phosphorylation of hippocampal NR2B was determined using phospho-specific anti-NR2B antibodies (Takasu et al., 2002) . As shown in Figure 3C , increases in the phosphorylation of tyrosine residues Tyr1252 and Tyr1336 were detected 15 min after ethanol injection. Interestingly, there was no change in the major NR2B phosphorylation site identified by Nakazawa et al. (2001) , Tyr1472 (Fig. 3C) .
Next, we predicted that, if ethanol-induced NR2B phosphorylation is mediated via the release of RACK1 from the NMDAR complex, then the transduction of recombinant RACK1 into hippocampal slices would reverse the activities of ethanol by binding to Fyn and/or NR2B and blocking the phosphorylation of NR2B by Fyn. To test this hypothesis, we used the Tat-protein transduction method (Nagahara et al., 1998) to transduce recombinant Tat-RACK1 into hippocampal slices. As shown in Figure 3D (middle and bottom panels), high levels of Tat-RACK1 were transduced into the slices. We measured ethanol-induced phosphorylation in the presence or absence of the fusion protein and found that the transduction of Tat-RACK1 significantly decreased ethanol-induced phosphorylation of both Tyr1252 (Fig.  3D , top panel) and Tyr1336 (data not shown).
As predicted, in the cerebral cortex where Fyn was not localized to the NMDAR (Fig. 1D,E) , no change in the phosphorylation state of the NR2B subunit was detected after ethanol treatment (Fig. 4, top panels) . In summary, our results suggest that, in the hippocampus, ethanol releases RACK1 from Fyn and NR2B and enables Fyn to phosphorylate the subunit. Importantly, ethanol-induced phosphorylation of the NR2B subunit is brain region specific and is observed in the hippocampus but not in the Figure 5 . The PTK inhibitor PP2 increases ethanol-induced inhibition of NMDAR-mediated fEPSPs-EPSCs and inhibits ethanol-induced rebound potentiation in hippocampal slices. A, NMDAR-mediated fEPSP slopes were plotted for recordings made from the stratum radiatum in the CA1 region. fEPSPs were measured in the presence of PP2 (25 nM, E; n ϭ 6 slices), ethanol (100 mM, ࡗ; n ϭ 10) or ethanol plus PP2 (‚; n ϭ 6), as indicated by the horizontal bar. Data are presented as the mean Ϯ SEM percentage of baseline. The traces in the inset represent NMDA receptor fEPSPs in the CA1 field (average of 12 single sweeps) obtained from the following: left, a slice recorded before (baseline) and during application of ethanol; right, a slice recorded before (baseline) and during coapplication of ethanol and PP2. Histogram on the right shows comparison of fEPSPs at 20 min (peak inhibition) and 30 min (10 min after ethanol washout). Two-way repeated-measures ANOVA showed overall significant interactions between treatments and time points (F (4,16) [infi] ϭ 5.87; p Ͻ 0.006). Post hoc analysis showed significant effects of PP2 on ethanol inhibition (20 vs 30 min; *p Ͻ 0.02; Student-NewmanKeuls test) and on ethanol-induced rebound potentiation (20 vs 30 min; *p Ͻ 0.019; StudentNewman-Keuls test). B, NMDAR-mediated fEPSPs were measured in the CA1 region in the presence of ethanol (100 mM), followed by washout and a subsequent second application of ethanol and washout with PP2 (25 nM), as indicated by the horizontal bars. Data are presented as the mean Ϯ SEM percentage of baseline from six slices. The traces in the inset represent NMDA receptor fEPSPs in the CA1 field (average of 12 single sweeps) obtained from the follow-4 ing: a, a slice recorded before application of ethanol; b, during application of ethanol; c, after ethanol washout. Histogram shows the mean Ϯ SEM fEPSPs slope recorded at 26 min (peak rebound potentiation, 6 min after ethanol washout) or 51 min (6 min after the start of washout with PP2). **p Ͻ 0.01; paired t test. C, Time course of NR2B phosphorylation correlates with recordings. Rat hippocampal slices were incubated without (control) or with (100 mM) ethanol for 10, 20, and 30 min. Slices were homogenized and resolved by SDS-PAGE. Membranes were probed with anti-(pTyr1336)NR2B and anti-NR2B antibodies. Histogram depicts quantification of the levels of phosphorylation normalized to NR2B and are presented as mean Ϯ SD percentage of control (n ϭ 3). D, NMDAR-mediated EPSCs were plotted for recordings made using standard whole-cell voltage clamp from CA1 pyramidal neurons (n ϭ 5). EPSCs were measured in the presence of ethanol (100 mM), followed by washout, as indicated by the horizontal bars. The traces in the inset represent NMDA receptor EPSCs in the CA1 field (average of 12 single sweeps) obtained from the following: a, a neuron recorded before application of ethanol; b, during application of ethanol; c, after ethanol washout. D, NMDAR-mediated EPSCs were recorded in the presence of PP2 (25 nM) in the recording pipette. Ethanol (100 mM) was bath applied as indicated by the horizontal bar, followed by washout (n ϭ 5). The traces in the inset represent NMDA receptor EPSCs in the CA1 field (average of 12 single sweeps) obtained from the following: a, a neuron recorded before application of ethanol; b, during application of ethanol.
cortex where RACK1 localized to the NMDAR and presumably is not localizing Fyn near its substrate.
Another NMDAR subunit that is phosphorylated on tyrosine residues is NR2A (Lau and Huganir, 1995) ; however, RACK1 does not interact with the NR2A subunit (data not shown). Therefore, if ethanol-induced phosphorylation of the NMDAR is indeed mediated via the release of RACK1 and the activation of Fyn, then it should be specific for NR2B. As predicted, no change in the phosphorylation state of NR2A was detected during exposure to ethanol, in either hippocampal or cortical slices (Figs. 3B,  4 , bottom panels). In summary, our results suggest that ethanol induction of tyrosine phosphorylation in the hippocampus is indeed specific for the NR2B subunit.
In the hippocampus, ethanol increases NMDAR channel activity and produces a rebound potentiation when ethanol is no longer present Next, we assessed the physiological consequences of ethanolinduced NR2B tyrosine phosphorylation. Previous studies have shown that acute exposure to ethanol inhibits the activity of the NMDAR channel in hippocampal slice preparation (Lovinger et al., 1989 (Lovinger et al., , 1990 . However, because tyrosine phosphorylation has been shown to increase the activity of the channel (Kohr and Seeburg, 1996; Yu et al., 1997) , we hypothesized that the release of RACK1 that results in tyrosine phosphorylation of NR2B induced by ethanol would, although somewhat paradoxically, increase the activity of the channel. NMDAR-mediated fEPSPs were recorded from stratum radiatum of the CA1 hippocampal region in the presence of ethanol and in the presence or absence of the tyrosine kinase inhibitor PP2. As expected, bath application of 100 mM ethanol resulted in a decrease of NMDARmediated fEPSPs (Fig. 5A , black diamonds) (30.3 Ϯ 2.6%; p Ͻ 0.006; post hoc Student-Newman-Keuls test). However, application of PP2 (25 nM) together with ethanol resulted in significantly greater inhibition of NMDAR fEPSPs compared with the inhibition induced by ethanol alone (Fig. 5A , white triangles) (47.9 Ϯ 3.3%; p Ͻ 0.02; post hoc Student-Newman-Keuls test) or PP2 alone (Fig. 5A, white circles) . Interestingly, when ethanol was washed out, the fEPSP slope was increased above baseline [Fig. 5A, black diamonds (127.3 Ϯ 9.7% ; p Ͻ 0.019; post hoc StudentNewman-Keuls test); Fig. 5 B (134.0 Ϯ 15.1%; p Ͻ 0.01; paired t test)]. We hypothesized that this observed potentiation is attributable to the tyrosine phosphorylation of the receptor induced by ethanol that persisted after washout. To examine this possibility, hippocampal slices were exposed to ethanol (100 mM), but this time ethanol was washed out in the presence of PP2. Adding PP2 to the washout step completely abolished the enhancement in NMDAR-mediated fEPSPs (Fig. 5B) ( p Ͻ 0.019; Student-Newman-Keuls test), suggesting that, indeed, the increase in NMDAR channel activity is mediated via tyrosine phosphorylation. To confirm that tyrosine phosphorylation is mediating part of the activities of ethanol on the NMDARs, the phosphorylation state of hippocampal NR2B was monitored during the same time course of the electrophysiological experiments. As predicted, the time course for NR2B phosphorylation (Fig. 5C ) correlated with the time course of the electrophysiological experiments (Fig.  5 A, B, D, E) . Next, we determined whether inhibition of tyrosine phosphorylation would attenuate the activities of ethanol of hippocampal NMDARs in single-cell recording. We therefore measured NMDAR-mediated whole-cell EPSCs elicited in CA1 pyramidal neurons. As shown in Figure 5D , bath application of ethanol inhibited NMDAR EPSCs to the same degree as in field recordings (peak inhibition, 29.3 Ϯ 3.1%) and produced rebound increase after washout (16.9 Ϯ 6.0%). However, when CA1 neurons were intracellularly perfused with PP2 via the patching pipette, ethanol inhibition was significantly greater (44.3 Ϯ 7.9%; p Ͻ 0.008; post hoc Student-Newman-Keuls test) compared with the inhibition induced by ethanol alone and Figure 6 . In the cortex, PP2 is inactive, ethanol inhibition is greater compared with the hippocampus, and acute tolerance to ethanol inhibition does not develop. A, NMDAR-mediated fEPSP slopes were plotted for recordings made from layers II-III in the medial prefrontal cortex. fEPSPs were measured in the presence of ethanol (100 mM), followed by washout and subsequent application of ethanol plus PP2, as indicated by the horizontal bar. Data are presented as the mean Ϯ SEM percentage of baseline from seven slices. The traces in the inset represent NMDA receptor fEPSPs in the CA1 field (average of 12 single sweeps) obtained from the following: a, a slice recorded before application of ethanol; b, during application of ethanol; c, during coapplication of ethanol and PP2. B, Histogram depicting the mean Ϯ SEM ratio of fEPSP slopes recorded from hippocampal or cortical slices at the time of maximal effect of ethanol treatment (10 and 15 min, respectively). **p Ͻ 0.01; t test. C, NMDAR-mediated fEPSP slopes were measured in the CA1 region in the presence of 100 mM ethanol and in the absence (F; n ϭ 6) or after 2 hr preincubation of hippocampal slices with Tat-RACK1 (1 M) in the bath solution (E; n ϭ 5). fEPSP slopes were measured in the medial prefrontal cortex in the presence of 100 mM ethanol (छ; n ϭ 5). Horizontal line depicts the period of ethanol application. Data are presented as the mean Ϯ SEM percentage of baseline. remained stable as long as ethanol was present in the bath (Fig.  5E) . Moreover, when ethanol was washed out, the rebound increase seen with ethanol alone was no longer observed. Together, these results suggest that, in the hippocampus, ethanol exposure results in two opposing activities on NMDAR function: direct inhibition of NMDAR function as has been reported previously (Lovinger et al., 1989 (Lovinger et al., , 1990 and an indirect increase in NMDAR function via the release of RACK1 and the subsequent increase in NR2B phosphorylation.
In the cortex, ethanol exposure does not result in enhancement of NMDAR channel activity, and rebound potentiation is not observed Next, we tested the activities of ethanol on NMDAR function in the cortex, where RACK1 was not associated with the channel (Figs. 1 D, E, 2A, B) , and ethanol did not induce the phosphorylation of NMDAR subunits (Fig. 4) . In the cortex, like the hippocampus, ethanol inhibited NMDAR-mediated fEPSP (Fig.  6 A) . However, unlike in the hippocampus, PP2 had no effect on fEPSPs in the presence of ethanol, and potentiation of NMDARmediated fEPSPs after ethanol washout was not observed (Fig.  6 A) . Furthermore, we observed that the peak inhibition of NMDAR-mediated fEPSPs in the presence of ethanol was significantly greater in cortical slices compared with hippocampal slices (Fig. 6 B) (47.9 Ϯ 6.4 vs 30.3 Ϯ 2.6%; p Ͻ 0.01; t test). Together, these results suggest that the sensitivity of NMDARs to ethanol varies across brain regions and is determined, at least in part, by the scaffolding of Fyn to the NMDAR via RACK1 and the resulting phosphorylation state of the channel.
Acute tolerance of NMDAR function is determined by Fyn compartmentalization
Previous studies have demonstrated that ethanol-induced inhibition of NMDAR function is gradually reduced during the period of ethanol exposure (acute tolerance) in the CA1 region of the hippocampus (Grover et al., 1994; Ludvig et al., 2001) . Fyn has been implicated in mediating the development of acute tolerance in the hippocampus (Miyakawa et al., 1997) . We hypothesized that, if acute tolerance is determined by the scaffolding of Fyn to the NMDAR by RACK1, then the transduction of Tat-RACK1 should inhibit it. As anticipated, when Tat-RACK1 was transduced into hippocampal slices, acute tolerance was completely abolished (Fig. 6C, white circles) . Support for the hypothesis also comes from the observation that, when PP2 was intracellularly applied while ethanol was bath applied for 30 min, NMDAR EPSCs remained suppressed and acute tolerance to ethanol inhibition was not observed (Fig. 5E) .
We hypothesized that, in the cortex, where RACK1 does not scaffold the kinase to the NMDAR, acute tolerance would be absent. Indeed, in cortical slices, ethanol-induced inhibition of NMDAR-mediated fEPSPs was stable throughout the period of ethanol exposure (Fig. 6C, white diamonds) . It is unlikely that presynaptic events are mediating the enhancement of NMDAR activities in the presence of ethanol. Ethanol and/or PP2 did not alter hippocampal AMPAR-mediated fEPSPs (data not shown), and PP2 have been shown to induce exocytosis in primary neurons, suggesting that Src PTKs are necessary for the inhibition of presynaptic exocytosis events (Ohnishi et al., 2001) .
anol induces RACK1 to translocate to the nucleus, via a mechanism that involves the activation of the cAMP-PKA pathway (Ron et al., 2000; He et al., 2002) . Here we report that the PKA inhibitor H89 inhibited ethanol-induced dissociation of the NR2B-RACK1-Fyn complex. These results imply that activation of the cAMP-PKA pathway result in both complex dissociation and RACK1 translocation to the nucleus. Although the mechanism to induce dissociation in the presence of ethanol via activation of the cAMP-PKA pathway is unclear, several possibilities are plausible. First, it is possible that exposure to ethanol and activation of the cAMP-PKA pathway result in a putative unidentified posttranslation modification and/or cofactor binding that alters the conformation of RACK1, resulting in the dissociation of RACK1 from the NMDA receptor complex. One obvious possibility is a direct phosphorylation of RACK1 by PKA. However, RACK1 is not a PKA substrate in vitro (our unpublished results). Alternatively, exposure to ethanol and activation of the cAMP-PKA pathway induces a posttranslation modification on another protein that now has higher binding affinity to RACK1 compared with NR2B and Fyn. This protein will then replace NR2B and Fyn binding to RACK1, resulting in the dissociation from the complex. We are currently testing these possibilities.
Protein targeting and subcellular localization are very important for processes such as synaptic plasticity but may also contribute (as we show in this paper) to disease states such as alcohol addiction. It is well established that ethanol alters the function of certain kinases (Chandler et al., 1998; Pandey, 1998; Stubbs and Slater, 1999) . Our report suggests that these changes may be attributable, at least in part, to the relocalization of a scaffolding protein (RACK1) in the presence of ethanol and that this altered compartmentalization of RACK1 results in profound changes in activity of the NMDARs. Finally, the region-specific regulation of NMDAR function by signaling complexes revealed by the specificity in ethanol activity is likely to have implications for other NMDAR functions. For example, phosphorylation of the cytoplasmic tail of NMDAR subunits is important for the induction of LTP (Lu et al., 1998) , and Fyn mice have impaired LTP (Grant et al., 1992) . Therefore, the specific scaffolding of Fyn to the NR2B subunit by RACK1 in some brain regions but not others is likely to have implications to other NMDAR-mediated processes such as synaptic plasticity.
